It has long been established that premature leaf senescence negatively impacts the yield stability of rice, but the underlying molecular mechanism driving this relationship remains largely unknown. Here, we identified a dominant premature leaf senescence mutant, prematurely senile 1 (ps1-D). PS1 encodes a plantspecific NAC (no apical meristem, Arabidopsis ATAF1/2, and cupshaped cotyledon2) transcriptional activator, Oryza sativa NAC-like, activated by apetala3/pistillata (OsNAP). Overexpression of OsNAP significantly promoted senescence, whereas knockdown of OsNAP produced a marked delay of senescence, confirming the role of this gene in the development of rice senescence. OsNAP expression was tightly linked with the onset of leaf senescence in an age-dependent manner. Similarly, ChIP-PCR and yeast onehybrid assays demonstrated that OsNAP positively regulates leaf senescence by directly targeting genes related to chlorophyll degradation and nutrient transport and other genes associated with senescence, suggesting that OsNAP is an ideal marker of senescence onset in rice. Further analysis determined that OsNAP is induced specifically by abscisic acid (ABA), whereas its expression is repressed in both aba1 and aba2, two ABA biosynthetic mutants. Moreover, ABA content is reduced significantly in ps1-D mutants, indicating a feedback repression of OsNAP on ABA biosynthesis. Our data suggest that OsNAP serves as an important link between ABA and leaf senescence. Additionally, reduced OsNAP expression leads to delayed leaf senescence and an extended grain-filling period, resulting in a 6.3% and 10.3% increase in the grain yield of two independent representative RNAi lines, respectively. Thus, fine-tuning OsNAP expression should be a useful strategy for improving rice yield in the future.
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hormones | nutrition remobilization | programmed cell death L eaf senescence is an integral part of the final stages of plant development and is controlled by a fine-tuned, complex regulatory network (1) . During senescence, leaf cells undergo dramatic changes in cellular metabolism, structure, and gene expression (2, 3) . The most striking feature of these changes is the yellowing of the leaves caused by the breakdown of chlorophyll during chloroplast degeneration, followed by the hydrolysis of macromolecules such as lipids, proteins, and nucleic acids, which, in turn, results in mitochondria and nuclei dissociation and cell death (4, 5) . This process facilitates both hydrolysis and the recycling of nutrients from source to sink tissues to increase reproductive success (6) . Thus, senescence is not a passive process but rather is a developmentally programmed procedure that has a strong adaptive advantage (7, 8) . Although leaf senescence is controlled primarily by developmental age, the onset and progression of this process also is influenced by a number of endogenous and external factors (1, 9, 10) . For example, abscisic acid (ABA) is thought to be one of the phytohormones that promote leaf senescence (11, 12) . Specifically, both an upregulation of genes associated with ABA signaling and a dramatic increase in endogenous ABA levels can be observed in many plants during leaf senescence (13) . Furthermore, exogenously applied ABA has been shown to induce the expression of several senescence-associated genes (SAGs) known to accelerate leaf senescence (14) , indicating the presence of a link between ABA signaling and leaf senescence. Moreover, a variety of biotic and abiotic stresses both elevate ABA levels and activate signaling pathways leading to senescence (1). Thus, it seems clear that ABA acts as a key positive regulator of leaf senescence. To date, however, the mechanistic evidence of ABA's regulatory role in leaf senescence has been based exclusively on studies of RPK1 and SAG113 (11, 15) . Consequently, both the molecular mechanism driving ABA-mediated leaf senescence and the specificity of ABA signaling in this process remain largely undetermined.
NAC [no apical meristem (NAM), Arabidopsis ATAF1/2, and cup-shaped cotyledon2] transcription factors comprise one of the largest plant-specific transcription factor classes and are involved in various plant processes, including plant development, leaf senescence, cell division, wood formation, and biotic/abiotic stress responses (16) (17) (18) . Recently, high-resolution temporal profiling of these transcripts has revealed that the expression of 30 of 117 NAC genes was altered notably during the various stages of Significance Premature leaf senescence is known to decrease rice yield severely, but the molecular mechanism underlying this relationship remains largely unknown. Similarly, although abscisic acid (ABA)-induced leaf senescence has long been observed, the mechanism of this pathway has yet to be determined. In this study we identified and characterized a dominant premature leaf senescence mutant, prematurely senile 1 (ps1-D). The data demonstrated both that PS1/Oryza sativa NAC (no apical meristem, Arabidopsis ATAF1/2, and cup-shaped cotyledon2)-like, activated by apetala3/pistillata (OsNAP) is an ideal marker of natural senescence onset and that it functions as an important link between ABA and leaf senescence in rice. Furthermore, reduced OsNAP expression led to extended grain filling and an improved seed-setting rate, which significantly enhanced the grain yield. Thus, fine-tuning OsNAP expression should be a means of improving rice yield.
natural senescence in Arabidopsis (12), suggesting that NAC transcription factors play a crucial role in regulating the leaf senescence process. Despite this evidence, however, to date only a few NAC transcription factors have been shown to regulate senescence specifically. Prior research has identified AtNAP (Arabidopsis thaliana NAC-like, activated by apetala3/pistillata, At1g69490; also called "ANAC029") (18), Oresara1 (ORE1, At5g39610; also called "ANAC092" or "ATNAC2") (19), Oresara sister1 (ORS1, At3g29035; also called "ANAC059") (20) , Jungbrunnen1 (JUB1, At2g43000; also called "ANAC042") (21), and Vascular-related NAC-domain interacting (VNI2, At5g13180; also called "ANAC083") as playing significant regulatory roles in leaf senescence (6) . For example, overexpression of AtNAP, ORE1, and ORS1 triggers precocious senescence, and blocking the function of these transcription factors delays senescence significantly, thus suggesting that AtNAP, ORE1, and ORS1 act as nonredundant positive regulators of senescence in Arabidopsis. In contrast, JUS1 and VNI2 regulate leaf senescence negatively. Although there are 151 known NAC genes in rice, to date only a few members have been identified as playing a regulatory role in leaf senescence (22, 23) .
Premature leaf senescence is one of the primary factors influencing yield stability in rice (24) and particularly in hybrid rice. Compared with the model plant Arabidopsis, the identification of key SAGs and their cognate molecular regulatory mechanisms in rice has begun only recently. Similarly, the majority of the SAGs identified to date have been shown only to be involved in chlorophyll breakdown and degradation (25) (26) (27) . Because there is likely to be a significant level of gene redundancy in the complex pathways that are integral to the senescence process, identifying the key regulators of leaf senescence using loss-of-function mutants has proved difficult. To uncover key genes controlling leaf senescence in rice, we screened our transferred-DNA (T-DNA) population for gain-offunction mutants (28) . Over the course of this process, more than 250 independent lines with altered senescence phenotypes were identified. One of the gain-of-function mutants, prematurely senile 1 (ps1-D), which demonstrated significant premature leaf senescence, was selected for this study.
Results

ps1-D Mutants Exhibit Premature Leaf Senescence
Phenotype. ps1-D mutants did not show any phenotypic differences as compared with wild-type plants before the four-leaf stage of development. When the plant progressed to the tillering stage, however, leaf senescence was initiated (Fig. S1A) , and all five upper leaves of the ps1-D mutant exhibited significantly accelerated leaf senescence at the heading stage ( Fig. S1 B and C). Similarly, after grain filling, ps1-D mutants had an accelerated yellowing phenotype, displaying senescence 7-10 d earlier than the wild-type plants (Fig. 1A) . In addition, after flowering, ps1-D mutants also exhibited faster chlorophyll degradation than the wildtype plants. The most pronounced difference between the ps1-D mutants and wild-type plants was that 25 d after flowering (DAF) the chlorophyll content of the mutants was only two-thirds that of wild-type plants. Moreover, this disparity in chlorophyll content became more dramatic with time. For example, at 35 DAF the chlorophyll content of the mutants was only 20% of that found in the wild-type plants, demonstrating that chlorophyll degradation proceeded at a significantly more rapid pace in the ps1-D mutant (Fig. 1B ) than in wild-type plants. Similarly, two chlorophyll degradation-related genes (CDGs), stay-green (SGR) and red chlorophyll catabolite reductase 1 (RCCR1) (29, 30) , and two other SAGs, Osh36 and OsI57 (31), were expressed at higher levels in the fully expanded leaves of ps1-D mutants than in wild-type plants (Fig. 1C) . Overall, the leaf senescence process was accelerated significantly in the ps1-D mutants. Darkness is one of the most powerful known external stimuli of leaf senescence. Consequently, it is used frequently as an effective method of simulating synchronous senescence (5, 25) . As demonstrated by the rapid reduction in chlorophyll content and elevated expression levels of two senescence marker genes, Osh36 and OsI57 in the mutant plants ( Fig. S1 D-F) , the ps1-D mutation significantly accelerated dark-induced leaf senescence (Fig. 1D) . Overall, our results clearly demonstrated that mutation of PS1 influences a variety of processes associated with the induction of senescence.
PS1 Encodes a Plant-Specific NAC Transcription Activator. The genetic analysis of the heterologous ps1-D offspring indicated that the leaf senescence phenotype was cosegregated with the T-DNA insertion at a ratio of ∼3:1, suggesting that ps1-D is a dominant mutation caused by the T-DNA insertion. The flanking region of T-DNA was obtained by SiteFinding PCR, and sequence analysis revealed that the T-DNA insertion site was 214-bp upstream of the translation initiation site of LOC_ Os03g21060 ( Fig. S2 A and B) . LOC_Os03g21060 was the only gene within the vicinity of the T-DNA insertion site whose expression was elevated 20-fold in ps1-D seedlings (Fig. S2C) . Overexpression of LOC_Os03g21060 in the wild-type plants led to a phenotype demonstrating varying degrees of premature leaf senescence (Fig. S2D) . Similarly, the magnitude of this change in senescence correlated with the expression level of LOC_Os03g21060 (Fig. S2E) . These results confirm both that LOC_Os03g21060 is PS1 and that its activation is the cause of premature senescence phenotype of ps1-D mutants.
PS1 contains a typical NAC structure at the N terminus ( Fig.  S2F ) and shares about 69% of its amino acids in this area with AtNAP. It belongs to the Va (1)/NAP subfamily of NAC proteins, which has three members in Arabidopsis, six members in rice, and five members in maize (Fig. S3A ). Previously PS1 was named "Oryza sativa NAC-like, activated by apetala3/pistillata" (OsNAP), which could complement the atnap-null mutant, confirming that PS1 is the functional ortholog of AtNAP (18, 22) . In vitro transactivation activity assays in yeast confirmed that OsNAP is a functional transcriptional activator (Fig. S3B) . A detailed domain analysis showed that the C-terminal region (amino acids 181-392) possessed high transcriptional activation activity, whereas the N-terminal region of the NAC domain (amino acids 1-190) did not display any activity. Interestingly, the C-terminal region of OsNAP (amino acids 18-392) was found to have stronger transcriptional activation activity than the full-length gene, suggesting that a repression domain may exist in the N-terminal region. To map these potential transcriptional repression domains further, vectors expressing various lengths of truncated OsNAP were tested in a yeast system. Among these fragments, the fragment containing subdomains 3 (amino acids 64-100) and 4 (amino acids 100-142) of the NAC motif showed stronger repression activity, whereas subdomains 1 and 2 (amino acids 1-64) and 5 (amino acids 157-181) exhibited weaker repression activity (Fig. S3B) . These results indicate that OsNAP functions as a transcriptional activator. Specifically, OsNAP's C terminus appears to act as an activation domain, whereas the NAC subdomains 3 (amino acids 64-100) and 4 (amino acids 100-142) function as a repressor used to tune C-terminal activity.
OsNAP Is Highly Expressed in Senescing Tissues. Temporal and spatial expression analysis showed that OsNAP is expressed preferentially in the leaf blade, leaf sheath, and endosperm with a low, but still detectable, level of expression in the root, culm, and young panicle (Fig. S4A) . Therefore we examined OsNAP expression in the leaves at different developmental stages. The OsNAP transcripts were higher in old, senescing leaves than in young, green leaves ( Fig. S4 B and D) . Similarly, a kinetic analysis of OsNAP expression in flag leaves showed that, although the number of OsNAP transcripts increased gradually before heading, it increased dramatically with the beginning of grain filling (Fig. 2A) . Consistent with this observation, OsNAP expression decreased gradually from the tip to the base of a fully expanded leaf (Fig. 2B) . Strikingly, the expression of OsNAP in the endosperm increased gradually over the course of the grainfilling process, reaching its transcriptional peak at ∼25 DAF (Fig. S4C) . This finding suggests that OsNAP plays an important role in the endosperm maturation, another programmed celldeath process in plants. Overall, these data indicate that OsNAP is an ideal marker for the natural senescence process in rice.
Examination of transgenic plants harboring an OsNAP Pro ::β-glucuronidase (GUS) construct revealed that OsNAP was expressed throughout a number of different organs over the course of plant development. For example, in young seedlings, GUS activity was detected in both the primary and lateral roots, particularly in the vascular tissues (Fig. 2C) . GUS also was expressed specifically in the primary phloem of the culm and leaf sheath (Fig. 2 D and E) . Finally, consistent with the results of quantitative RT-PCR (qRT-PCR), GUS expression was strongest in old leaves or in the senescent regions of leaves. Further examination of the tissue sections revealed that OsNAP was expressed principally in the primary phloem and in the peripheral zone of the leaf vascular bundles (Fig. 2F) , although GUS expression also was observed in the floral tissues (Fig. 2G) and endosperm (Fig. 2 H and I) . In the endosperm, GUS expression was congruent with the endogenous OsNAP expression pattern suggested by qRT-PCR, further confirming our hypothesis that OsNAP plays a role in regulating both leaf senescence and endosperm maturation.
ABA Participates in Leaf
Leaf senescence is a genetically controlled developmental process that can be modulated by a variety of phytohormones and environmental factors (1) . Expression profiling of OsNAP was performed with RNAs derived from different phytohormones (including brassinosteroid, gibberellin, auxin, 6-benzylaminopurine, salicylic acid, 1-aminocyclo-propane-1-carboxylic acid, jasmonic acid, and ABA) and abiotic stress treatments (cold, alkaline, mannitol, and NaCl). The results demonstrate that OsNAP is induced exclusively by ABA, with expression levels increasing approximately threefold after 2 h of ABA treatment (Fig. 3A) . OsNAP transcription increased rapidly up to 16-fold after 4 h, by 68-fold after 6 h, and by 102-fold after 12 h of treatment (Fig.  3B) . Conversely, OsNAP transcription is reduced significantly in two ABA biosynthetic mutants, aba1 and aba2 (Fig. 3C) , confirming our theory that OsNAP is positively regulated by ABA. We also examined the kinetic expression of CDGs and other SAGs following ABA treatment. No increase in SGR and/or RCCR1 expression was observed 2 h after ABA treatment, but a marginal increase was observed after 4 h (Fig. 3D) . Similarly, induced expression of Osh36 and OsI57 was observed only at 4 h after ABA treatment (Fig. 3E ). This lag in expression implies that ABA-mediated leaf senescence might be dependent on the modulation of OsNAP expression, which, in turn, either directly or indirectly regulates the expression of SAGs. Thus, it seems that OsNAP functions as an important link between ABA signaling and leaf senescence. We next examined the ABA level in young leaves and fully expanded leaves of ps1-D and wild-type plants. The ABA content was significantly lower in ps1-D mutants than in wild-type plants (Fig. 3F) . Further examination revealed that the transcription levels of key ABA biosynthesis genes, including OsNCED1, OsNCED3, OsNCED4, and OsZEP, were significantly downregulated in the ps1-D mutant (Fig. S5A ), but no alteration was detected in any ABA-inactivation genes, including OsABA8ox1, OsABA8ox2, and OsABA8ox3 (Fig. S5B) . Consequently, it appears that the high level of OsNAP transcripts in the ps1-D mutant may regulate ABA biosynthesis further via a feedback mechanism.
OsNAP Functions Upstream of SAGs in ABA-induced Leaf Senescence.
To explore further the intrinsic functions of OsNAP, RNA interference (RNAi) technology was used to suppress OsNAP expression in wild-type plants. The RNAi construct was targeted specifically to the nonconserved 3′ end of OsNAP outside the NAC domain to avoid interference with other NAC proteins. Expression analysis revealed no significant alteration in the five orthologous genes between the RNAi lines and wild-type plants (Fig. S6A) , confirming the specificity of the OsNAP RNAi targeting. Our RNAi transgenic lines displayed distinctly delayed leaf senescence (Fig. 4A) , which was consistent with the observed decline in OsNAP expression (Fig. 4B) . As expected, the expression levels of representative CDGs, including SGR, NYC1, NYC3, and RCCR1, and other SAGs, including Osh36, OsI57, Osh69, and OsI85, were significantly lower in the fully expanded leaves of the RNAi lines than in the wild-type plants (Fig. S6 B and C) . We further examined the senescence symptoms of detached leaves after 10-d incubation in darkness or under ABA treatment. Detached leaves of OsNAP RNAi transgenic plants exhibited distinctly delayed senescence (Fig. S6D) , as was consistent with the slower chlorophyll degradation (Fig. S6E ) and delayed expression of OsNAP and other physiological senescence-marker genes, such as Osh36 and Os157 (Fig. S6 F-H) , observed in the mutant plants. ChIP assays further confirmed that OsNAP indeed bound to the promoters of SGR, NYC1, NYC3, RCCR1, Osh36, OsI57, and Osh69 (Fig. 3G) . A yeast one-hybrid assay also showed that the GAL4 transcriptional activation domain-OsNAP (AD-OsNAP) fusion protein activates the LacZ reporter gene driven by the promoters of SGR, NYC1, NYC3, RCCR1, and OsI57, respectively (Fig.  3H) . However, OsNAP did not bind directly to the promoters of Osh36 and Osh69, indicating that OsNAP-interaction proteins may exist that bind to the promoters of Osh36 and Osh69. Thus, OsNAP, as a transcription factor, regulates the expression levels of SAGs by directly or indirectly binding to their promoter regions in vivo.
OsNAP Regulates Nutrition Remobilization. A genome-wide expression analysis of the ps1-D mutant using an Affymetrix whole-genome microarray showed 599 differently expressed genes (DEGs) in the mutant with log 2 ratios greater than 1.00 or less than −1.00 compared with the wild-type plants (Table S1) . Notably, a large proportion of these DEGs were involved in macromolecule degradation and nutrient mobilization. About 13.5% of the up-regulated transcripts and 19.6% of the down-regulated transcripts were involved in the metabolism of amino acids, lipids, nucleic acids, and carbohydrates (Table S1) . A number of proteases, including cysteine and aspartyl proteases, lipases, and nucleases, also were identified according to their putative Gene Ontology function. These data suggest that the accumulation of OsNAP transcripts leads to enhanced metabolism and remobilization of the nutrients synthesized during the vegetative phase. Previous studies have shown that remobilization of nutrients from senescing cells to developing tissues, such as seeds was mediated primarily by phloem transport (32) . We found that the expression of 30 genes encoding ABC transporters, permeases, and transports of amino acids, peptides, sugars, lipids, metals were all notably up-or down-regulated in the ps1-D mutant (Table S2) . Genes encoding peptide transporter 2 (OsPTR2), proton-dependent oligopeptide transporter (OsPOT), high-affinity K + transporter 5 (OsHAK5), and natural resistance-associated macrophage protein 6 (OsNramp6) were all up-regulated in the mutant, whereas high-affinity potassium transporter 6 (OsHKT6), peptide transporter 3 (OsPTR3), and phosphate transporter1 (OsPHT1) were all down-regulated in the mutant. ChIP-PCR further proved that OsNAP actually bound to the promoters of the genes encoding OsHKT6, heavy metal transport/detoxification protein, and calcium-transporting ATPase (Fig. S7) , implying that OsNAP plays an important role in the augmented translocation of nutrients during the senescing process.
To determine whether the transporters that exhibited altered expression levels in the mutant were functionally involved in nutrient remobilization, the total grain protein content (GPC) and nutrient elements of mature seeds from ps1-D mutants, OsNAP over-expressing (OE) lines, RNAi lines, and wild-type plants were all quantified. As shown in Fig. 5 , significant increases in the total grain protein and in N, P, K, S, Fe, Zn, and Mg concentrations were observed in the rice grains originating from the ps1-D and OsNAP OE lines. In contrast, the grain protein and mineral micronutrient concentrations found in the OsNAP RNAi lines were 10% lower than their counterparts in the wild-type plants. Further analysis of the N, P, K, S, Fe, Zn, and Mg content in flag leaves likewise showed that ps1-D and OsNAP OE transgenic plants demonstrated a reduction of more than 7.8% in N, 12.6% in P, 14.8% in S, 1.9% in K, 10.5% in Mg, 26.6% in Fe, and 18.7% in Zn concentrations in comparison with wild-type plants. In contrast, the OsNAP RNAi transgenic lines retain more nutrient elements than wild-type plants (Table S3) .
Overall, these data demonstrate that the transcription level of OsNAP is linked directly to the nutrient remobilization associated with senescence.
Down-Regulation of OsNAP Leads to Increased Grain Yield. Because the OsNAP RNAi transgenic plants showed a 5-to 7-d delay in senescence, we next investigated whether this mutation would improve grain yield in plants grown in the field. As expected, OsNAP-knockdown transgenic plants showed both a significantly slower decrease in functional photosynthetic capacity and an extended grain-filling period than wild-type plants (Table S4) . Furthermore, an examination of the agronomic traits related to grain yield in two OsNAP RNAi lines, Ri1 and Ri2, showed a 13.7% and 23.0% increase in seed-setting ratio and a 4.4% and 3.1% increase in 1,000-grain weight, respectively, compared with our nontransgenic controls. These changes resulted in increased grain yields of 6.3% and 10.3% in the Ri1 and Ri2 lines, respectively (Fig. 4 D-F) . However, grain size did not differ in the wild-type and RNAi plants, suggesting that reduced OsNAP expression should extend the functional period of photosynthesis and improve the grain yield in rice.
Discussion
Although ABA was characterized as a senescence-promoting hormone several decades ago, the mechanism underlying ABAmediated senescence still is poorly understood. In our study, the leaf-senescence process was accelerated significantly in the activation mutant ps1-D during the tillering and grain-filling stages of development but not before plants reached the four-leaf stage. This finding suggests that OsNAP mediates leaf senescence in an age-dependent manner, making OsNAP an ideal marker for the onset of senescence in rice. Although the expression of OsNAP can be regulated positively by either exogenous or endogenous ABA, it cannot be regulated by any other phytohormones or abiotic stresses. Similarly, although ABA is known to promote the senescence process of detached leaves, this response is markedly delayed in OsNAP RNAi transgenic plants. The kinetic expressions of two different types of senescencemarker genes were observed to lag significantly behind OsNAP expression under ABA treatment. Similarly, the knockdown of OsNAP expression also decreased the expression of these senescence-marker genes. ChIP-PCR and yeast one-hybrid assays also demonstrated that OsNAP bound directly to the promoter regions of these genes, further showing that OsNAP functions upstream of these senescence markers. These observations led us to conclude that ABA-mediated leaf senescence is dependent primarily on the modulation of OsNAP expression and that OsNAP acts as a key component linking ABA signaling and leaf senescence. Intriguingly, the accumulation of OsNAP transcripts also reduced ABA content by inhibiting ABA biosynthesis, whereas the ABA content was significantly higher in the two RNAi transgenic plants than in the wild-type plants (Fig. 4C ). This result indicates that OsNAP also controls ABA synthesis via a feedback mechanism. Other than being slightly shorter than the wild-type plants, no obvious developmental defect was observed in the ps1-D mutant, indicating that ABA-mediated senescence may be an independent physiological event mediated by a specific, OsNAPmediated signaling pathway.
Senescence is a highly complex but finely regulated developmental process that is tightly linked to crop yield, biomass production, and nutritional quality. Although recent research has greatly improved our understanding of leaf senescence in the model plant Arabidopsis, the molecular mechanism driving leaf senescence in monocot crop plants such as rice, maize, and wheat remains largely unknown. In rice, only a limited number of the leaf-senescence regulators have been identified so far, including CCCH-tandem zinc finger protein 1 (OsTZF1) (33), rapid leaf senescence 1 (RLS1) (34) , alkaline a-galactosidase (OsAkaGal, also called "Osh69") (35), NYC1 (26), NYC3 (36), NYC4 (27) , SGR (29, 37) , and delay of the onset of senescence (OsDOS) (25) . However, most of the regulators identified to date are involved almost exclusively in processes of chlorophyll breakdown and degradation. Because the mutation of these regulators also resulted in defective photosynthetic capacity, the delayed senescence observed in the leaves of these mutants did not have any positive impact on their yield. In this study, we identified and characterized OsNAP, which acts as an important regulator in natural, dark-, and ABA-induced senescence. Knockdown of OsNAP delayed leaf senescence significantly, extended photosynthetic capabilities, and led to higher grain yields. Previous reports have shown that a NAC transcription factor, NAM-B1, accelerates the translocation of nutrients from vegetative tissues to grains, leading to the senescence process in wheat (38) . In our microarray data, several classes of nutrient transport-related genes (NTGs), including eight amino acid or peptide transporters, four potassium transporters, two phosphate transporters, one sulfate transporter, three metal transporters, and 12 other transporters involved in nutrient translocation, were obviously up-or down-regulated. OsPTR2 (AK060510), for example, is the homolog to Arabidopsis NRT1.7, which is responsible for the phloem loading of nitrates in the source leaf to facilitate the rapid delivery of nitrates from the older leaves to nitrogen-demanding tissues (32) . The function of phloem is linked closely with the remobilization of nutrients from senescing cells to reproductive and other organs. Coincidentally, our GUS staining clearly indicated that OsNAP was expressed preferentially in the primary phloem of blades, culms, and leaf sheaths. These results indicate that OsNAP also may regulate leaf senescence directly or indirectly through regulating genes involved in nutrient remobilization.
Overall, we propose a functional model of OsNAP's role in rice leaf senescence (Fig. 6) . The leaf-aging signal triggers the accumulation of OsNAP transcripts, and this accumulation initiates the onset of senescence. The validity of this mechanism is supported by our observations that OsNAP directly or indirectly regulates the expression of genes known to control senescence in an age-dependent manner, including CDGs, nutrient transportrelated genes, and other SAGs. In addition, ABA participates in leaf senescence by modulating OsNAP expression, although high OsNAP expression levels also could regulate ABA biosynthesis via a feedback mechanism. Thus, OsNAP appears to act as a key regulator linking the ABA-signaling and leafsenescence processes.
Materials and Methods
The ps1-D mutant was identified by screening our T-DNA population in japonica Nipponbare background from our laboratory (28) . Details of experimental procedures, such as ABA analysis, ChIP-PCR assay, yeast onehybrid assay, element and protein measurements, microarray hybridization, and field cultivation of rice, are described in SI Materials and Methods. See Tables S5 and S6 for the primers used in this study.
